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Abstract—This paper examines the validity of the widely used
parabolic effective mass approximation by computing the ballistic injection velocity of a double-gate, ultrathin-body (UTB)
n-MOSFET. The energy dispersion relations for a Si UTB are first
computed by using a 20-band sp3 d5 s∗ -SO semiempirical atomistic
tight-binding (TB) model coupled with a self-consistent Poisson
solver. A semiclassical ballistic FET model is then used to evaluate
the ballistic injection velocity of the n-type UTB MOSFET based
on both an TB dispersion relation and parabolic energy bands. In
comparison with the TB approach, the parabolic band model with
bulk effective masses is found to be reasonably accurate as a firstorder approximation until down to about 3 nm, where the ballistic
injection velocity is significantly overestimated. Such significant
nonparabolicity effects on ballistic injection velocity are observed
for various surface/transport orientations. Meanwhile, the injection velocity shows strong dependence on the device structure as the
thickness of the UTB changes. Finally, the injection velocity is found
to have the same trend as mobility for different surface/transport
orientations, indicating a correlation between them.
Index Terms—Band structure, effective mass, injection velocity,
MOSFETs, nonparabolicity, pseudopotential (PP), quantum confinement, tight-binding (TB), ultrathin-body (UTB).

I. INTRODUCTION
RESENT day research in CMOS technology is largely
geared toward improving MOSFETs performance and increasing device density through aggressive scaling of their feature sizes [1]. Quantum–mechanical size effects become important in nanoscale MOSFETs where the inversion layers are just a
few nanometers thick. Meanwhile, the transistors are expected
to operate in the quasi-ballistic transport regime as the channel length becomes comparable with the mean free path of the
carriers in the inversion layer.
The injection velocity, which is the ballistic carrier velocity
at the top of the barrier near the source, is the main driving force
for improved transistor performance with scaling. It has been
demonstrated [2], [3] that the drive current in the quasi-ballistic
regime is mainly limited by the injection velocity. Moreover,
multisubband Monte Carlo simulations [4] have confirmed the
significant impact on performance of an increase of injection
velocity. It has been reported recently that the carrier mobility
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is closely correlated with the carrier velocity [5]. This parameter is thus a key figure of merit of devices operating in the
quasi-ballistic regime, so an understanding of how the ballistic
injection velocity is related to band structure is important in
understanding device physics and assessing performance limits.
The ballistic limit for device performance has been extensively explored for double-gate MOSFETs with Si, Ge, and
alternative channel materials and various surface/transport orientations [6]–[10]. Effective mass models with bulk transport
and confinement effective masses are assumed in these models. As devices scale down to a few nanometers thick, however,
the continued use of bulk effective masses may not be adequate [11]. Nonparabolicity, which shifts the subband energy
levels and changes the in-plane effective masses, becomes important for ultrathin-body (UTB) Si. By adopting a 20-band
sp3 d5 s∗ -SO semiempirical atomistic tight-binding (TB) model
with a self-consistent Poisson solver, we explore, in this paper,
the nonparabolic band structure effects on the ballistic performance of a Si UTB double-gate transistor, and compare the
results with the bulk effective mass approximation (EMA). In
contrast to a recent study of similar issues [11], we use an
TB treatment of the electronic structure, perform electrostatically self-consistent simulations, and compute device-relevant
metrics such as ballistic injection velocity and ON-current. Our
results support the conclusions of [11] that the parabolic EMA
is an adequate first-order approximation for Si. We, however,
find that the differences are large enough to merit attention.
This paper is organized as follows. Section II describes the
TB approach and illustrates the nonparabolicity in the calculated
band structure for a Si UTB. In Section III, we first calculate the
ballistic injection velocities for different body thicknesses and
various surface/transport orientations from the TB energy dispersion relation, and then, discuss and compare the results with
those from the parabolic effective mass approach. Section IV
summarizes the key findings of this paper.
II. APPROACH
The model device simulated in this paper is as shown in Fig. 1.
The transport, transverse, and wafer orientations are along X-, Y-,
and Z-axes, respectively. The band structure of such a thin film
is calculated according to the TB approach, where 20 orbitals,
consisting of an sp3 d5 s∗ basis with spin-orbit coupling, are used
to represent each atom along the body thickness in the UTB
Hamiltonian [12]–[14]. The TB coupling parameters we use are
from [15], which have been optimized to accurately reproduce
the bandgap and effective masses of bulk Si. At the Si surfaces,
a hard wall boundary condition for the wavefunction is applied,
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Fig. 1. Double-gate, ultrathin-body (UTB) device structure simulated. The
transport, width, and wafer orientations are along X-, Y-, and Z-axes, respectively.

Fig. 2. Band structure calculated for bulk Si at ∆ point: (a) in the plane of
(100), (b), (c), and (d) along 100 and 110 with the TB and local pseudopotential (PP) methods.

and the dangling bonds at the surfaces are passivated using a
hydrogen-like termination model of the sp3 hybridized interface
atoms. This technique has been shown to successfully remove
all the surface states from the bandgap [16].
The TB bulk band structure at the ∆ point in the (100) plane
[see Fig. 2(a)] is shown first in Fig. 2(b). Fig. 2(c) shows the
result calculated by using an empirical local pseudopotential
methods (EPM) [17]. In both plots, very similar starfruit-like
nonparabolic energy contour at high energy levels are observed
and show qualitative match. Fig. 2(d) shows the bulk E–k dispersion along 100 and 110 orientations with both methods
for comparison.
To explore the in-plane effective mass of an UTB, we first
calculated the band structure of the thin film with infinitely high
barriers (hard wall boundary conditions) at VG = 0. We extracted the effective mass by fitting the dispersion to a parabolic
one. We make sure that the parabolic E–k gives the best fit to the
TB dispersion up to 3kB T . Actually, the parabolic dispersion
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Fig. 3. In-plane effective mass m t for the twofold valleys increases up to 10%
higher than bulk value when the UTB body thickness (tS i ) is ≤3 nm.

can fit the TB one with high accuracy to even larger energy
ranges. Fig. 3 shows the change of the in-plane effective mass
in (100)/100 orientation as the thin film thickness (tSi ) is reduced. For film thickness below about 3 nm, mt for (100)/100
is about 10% larger than the bulk value (mt,bulk = 0.20 m0 ).
In [11], this effect was not observed, which suggests that the difference in various treatment of bandstructure may be significant
from a device perspective. Fig. 4(a) plots the 2-D density-ofstates for tSi = 3 nm (23 atomic layers). The results are similar
to [11], Fig. 9(a) and show that for high energies, the parabolic
EMA is poor. For real devices, however, only the lowest few
subbands are occupied. Fig. 4(b) plots the 2-D density-of-states
for tSi = 3 nm on a smaller energy scale that is relevant to the
energy range that controls the ballistic injection velocity. Here,
both the nonparabolicity of the twofold unprimed valleys and
the subband energy level change are observed with respect to
the bulk effective mass model. These effects get smaller as the
body thickness increases. Note that the initial very small step
for the first and second subbands of the twofold unprimed valleys is due to the valley splitting [18], which is also observed
in [11]. Fig. 4(c) plots the 2-D density-of-states for tSi = 6 nm
(45 atomic layers) and less difference from bulk effective mass
model is observed. These two factors (the change in energy levels or confinement effective mass and the change in the in-plane
effective mass) combined together will lead to a difference in
the current and injection velocity compared with the bulk EMA.

III. RESULTS AND DISCUSSION
In this section, the Si UTB n-MOSFET band structure is
first calculated self-consistently by coupling the TB model and
the Poisson equation. Then, the ballistic I–V characteristic is
calculated using a semiclassical FET model based on the TB
E–k relations and parabolic energy bands. The main features of
the ballistic FET model [2], [19] are illustrated in Fig. 5, where
the net current and inversion charge density are calculated from
the band structure at the top of the barrier. Specifically, the
group velocity of each state is calculated from the tabulated TB
E–k data of the UTB, and the carrier density is then evaluated
by assuming that the states with a positive (negative) group
velocity are in equilibrium with the source (drain) reservoir. The
drain–current is then readily obtained by taking the difference
between the source and drain fluxes, and the inversion charge is
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Fig. 4. Density-of-states. (a) tS i = 3 nm. (b) tS i = 3 nm. (c) tS i = 6 nm.
The lower and higher steps represent the 2 and 4 valleys, respectively. The
nonparabolicity including both the change of the in-plane effective mass and the
shift in subband energy levels is more prominent in the thinner body thickness
UTB.

Fig. 5. Illustration of the essential aspects of the semiclassical ballistic FET
model. The E C (x) curve represents the lowest electron subband in the device.

determined by summing up the carriers injected from the source
and drain. The same self-consistent simulation procedures are
applied with parabolic energy bands for the EMA, and the results
are compared.
The symmetric, double-gate intrinsic UTB n-MOSFET device simulated has an equivalent oxide thickness (EOT) =
0.5 nm. Fig. 6 compares the inversion charge density, ballistic
current, and injection velocity for (100)/100 calculated from
the TB model with that obtained from the bulk EMA for a body
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Fig. 6. Self-consistent results of the (a) charge density, (b) current, and (c)
ballistic injection velocity for (100)/100 UTB with tS i = 3 nm, calculated by
the TB model and bulk EMA. The charge matches well for these two methods.
The current and injection velocity differs due to the change of the in-plane
effective mass and shift in the subband energy level.

thickness tSi = 3 nm at VD = 1 V. The bulk effective masses
used in this paper are ml = 0.89m0 and mt = 0.20m0 , which
are the target values of the TB parameters [15]. Fig. 6(a) shows
that the inversion charge densities calculated by the TB and effective mass model are very close, since the charge is mainly
controlled by electrostatics. In Fig. 6(b) and (c), a difference
in the current and ballistic injection velocity between the TB
and effective mass approach is observed. These differences are
caused by two factors: firstly, in the nondegenerate limit, the injection velocity is related
to the twofold valley in-plane effective

mass mt as vinj = 2kB T /πmt [2]. As discussed in Section II,
mt increases to 0.22m0 for tSi = 3 nm due to the nonparabolicity of the bulk band structure. In Fig. 6(c), the injection velocity
is recalculated with an adjusted mt = 0.22m0 and plotted in
circles, and it matches well with the TB in the nondegenerate range. The injection velocity and current mismatch under
strong inversion is due to the lowered subband energy level for
the heavier fourfold primed valleys compared with bulk effective mass model. Fig. 7 clearly shows these two effects in the
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Fig. 7. Density-of-states plot for the UTB with tS i = 3 nm at deep inversion.
The change in confinement mass, increase of the in-plane mass, and in-plane
nonparabolicity account for the difference in injection velocity as calculated by
the two band structure models.
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Fig. 9. Density-of-states for tS i = 6 nm at deep inversion. The energy separation between the heavy and light valleys is smaller with thicker body thickness,
leading to decrease in injection velocity.

Fig. 8. Ballistic injection velocity calculated with the TB and bulk EMA for
the UTB with tS i = 6 nm plotted in the same scale as of Fig. 6(c) for comparison.

density-of-states plot at VG = 0.9 V. The heavier fourfold valleys in the TB are about 14 meV lower than those of the bulk
effective model. These two factors combined together result in
the injection velocity and drain–current difference between the
TB and bulk EMA. The difference of ∼15% is not insignificant.
Also note that the bandstructure model of [11] would likely
produce even larger differences. Device researchers should be
aware of the fact that various band structure models may produce significantly different predictions of the ballistic injection
velocity.
The same device was simulated with a thicker body thickness of tSi = 6 nm, and vinj is shown in Fig. 8. The TB and
bulk EMA give closer results due to the reduced importance
of nonparabolicity for the thicker tSi . There is also a significant decrease in vinj compared with tSi = 3 nm. This occurs
because with a thicker body, the energy separation between the
light twofold unprimed valleys and the heavy fourfold primed
valleys becomes smaller; the heavier valleys are, therefore, important in carriers transport. Fig. 9 shows the density-of-states
for tSi = 6 nm at deep inversion where Ninv 1.03 × 1013/cm2
by both the TB and EMA. The nonparabolicity effects (both the
in-plane mt and the subband energy level change) are smaller,
meanwhile the Fermi level is closer to the heavy valleys, leading
to the decrease of vinj . Fig. 10(a) and (b) plots the carrier occupancies for the twofold valleys and fourfold valleys with tSi =
3 nm and tSi = 6 nm, respectively. It is seen that the heavier
fourfold valleys are lightly occupied for tSi = 3 nm, but their
occupancy is about 50% for tSi = 6 nm, which decreases the
injection velocity substantially.

Fig. 10. Charge occupancy of the twofold and fourfold valleys. (a) tS i =
3 nm. (b) tS i = 6 nm. For tS i = 3 nm, most of the carriers are transported
through the twofold valleys, while for tS i = 6 nm, the heavier fourfold valleys
are as important as the twofold valleys, leading to decreased injection velocity.

Next, the empirical TB model was generalized to treat
arbitrary confinement and transport orientations with selfconsistency for an UTB. The injection velocities for different
orientations were calculated and compared with effective mass
model. The intrinsic device has the same EOT = 0.5 nm. For
comparison with the effective mass model, the transport, width,
and confinement effective masses for different crystal orientations were obtained as explained in [20] and [21]. Table I lists
the effective masses used for all orientations in this paper.
The injection velocities for different wafer/transport orientations were calculated and are shown in Fig. 11(a) with TB, and
in Fig. 11(b), with bulk EMA for tSi = 6 nm. Both plots indicate
that (100)/110 is the best and (110)/110 is the worst for vinj
of the Si UTB n-MOSFET. Note that the injection velocity in
(100)/110 orientation is larger than in (100)/100 orientation;
this is because the fourfold primed valleys are also important in
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TABLE I
TRANSPORT, WIDTH, AND CONFINEMENT EFFECTIVE MASSES AND SUBBAND
DEGENERACIES OF Si FOR THE FIVE DIFFERENT ORIENTATIONS STUDIED

mates the injection velocity by about 10%–20% as compared
with the TB results. The injection velocity was also found to be
highly dependent on device structure, specially the body thickness. Finally, both the TB and EMAs for the injection velocity
show the same trend as the experimental data for the mobility
as a function of surface/transport orientation, indicating a close
correlation between them.
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